We report the discovery and characterization of four transiting exoplanets by the HATNet survey. The planet HAT-P-50b has a mass of 1.35 M J and radius of 1.29 R J , and orbits a bright (V = 11.8 mag) M = 1.27 M ⊙ , R = 1.70 R ⊙ star every P = 3.1220 days. The planet HAT-P-51b has a mass of 0.31 M J and radius of 1.29 R J , and orbits a V = 13.4 mag, M = 0.98 M ⊙ , R = 1.04 R ⊙ star with a period of P = 4.2180 days. The planet HAT-P-52b has a mass of 0.82 M J and radius of 1.01 R J , and orbits a V = 14.1 mag, M = 0.89 M ⊙ , R = 0.89 R ⊙ star with a period of P = 2.7536 days. The planet HAT-P-53b has a mass of 1.48 M J and radius of 1.32 R J , and orbits a V = 13.7 mag, M = 1.09 M ⊙ , R = 1.21 R ⊙ star with a period of P = 1.9616 days. All four planets are consistent with having circular orbits and have masses and radii measured to better than 10% precision. The low stellar jitter and favorable R p /R ⋆ ratio for HAT-P-51 make it a promising target for measuring the RossiterMcLaughlin effect for a Saturn-mass planet. Subject headings: planetary systems -stars: individual ( HAT-P-50, GSC 0787-00340, HAT-P-51, GSC 2296-00637, HAT-P-52, GSC 1793-01136, HAT-P-53, GSC 2813-01266 ) techniques: spectroscopic, photometric 
INTRODUCTION
Transiting exoplanets (TEPs) are important objects for studying the physical properties of planets outside the solar system. By combining time-series photometry of a transit with time-series radial velocity (RV) observations of the star spanning the planetary orbit, it is possible to accurately measure the mass and radius of a transiting planet relative to those of the host star. Leveraging stellar evolution models to estimate the stellar mass and radius given observable parameters such as the effective temperature, metallicity and bulk density of the star, then allows the physical mass and radius of the planet, as well as its orbital separation, to be determined. Other properties of the system such as the orbital eccentricity and obliquity (e.g. Queloz et al. 2000) , and properties of the planetary atmosphere (e.g. emission or transmission spectra) may also be accessible for transiting planets (e.g. Charbonneau et al. 2002) . Motivated by the wealth of physical information that may be measured for these objects, there has been a significant effort over the past 15 years to discover and characterize many TEPs. The aim of this effort is to explore the diversity of exoplanets, and to identify statistically robust relations between their physical parameters, which in turn inform theories of planet formation and evolution (e.g. Guillot et al. 2006; Burrows et al. 2007; Béky et al. 2011; Laughlin et al. 2011; Enoch et al. 2012) .
Largely thanks to the ultra-high-precision photometric time-series observations from the NASA Kepler mission, we now know of over 4000 high-quality candidate transiting exoplanets (e.g. Mullally et al. 2015) . Some 51 of the Kepler candidates have been confirmed through measuring the RV orbital wobble of their host stars, while a further 845 have masses estimated through transit time variations, or have been statistically validated as being very unlikely to be anything other than transiting planets 16 . The majority of the candidates from Kepler are, however, too small and/or orbiting stars that are too faint to allow their masses and orbital eccentricities to be determined using existing spectroscopic facilities. For most of these planets, all we can determine at present are their radii, orbital periods, and a constraint on their eccentricities using the so-called photo-eccentric effect (e.g. Dawson & Johnson 2012) .
Most of the TEPs with spectroscopically determined masses have been discovered by wide-field ground-based transit surveys such as HATNet (Bakos et al. 2004) , HATSouth , WASP (Pollacco et al. 2006) , XO (McCullough et al. 2005) , TrES (Alonso et al. 2004) , and KELT (Pepper et al. 2007 ), among others. These surveys cover a greater area of the sky than has been surveyed so far by Kepler or its successor mission K2, and have thereby monitored more bright stars which may host TEPs amenable to confirmation spectroscopy. In this paper we present the discovery and characterization of four new transiting short-period gas-giant planets by the HATNet survey.
The HATNet survey, which began operations in 2004, has to date searched 17% of the 4π steradian celestial sphere for planets. A total of 5.5 million stars have been observed. The stars have from 2400 to 21000 high-16 http://exoplanets.org accessed 2015 Feb 18 cadence photometric observations (5th and 95th percentiles; the median is 7200) spanning a few months to several years. The point-to-point RMS precision of the observations ranges from ∼ 3 mmag for stars with r ∼ 9 to ∼ 2% for stars with r ∼ 13.3 (depending on sky conditions and the density of stars in the field being observed). Based on these observations we have identified ∼ 2000 candidate TEPs, the majority of which are false positives. The stars are generally bright (the median magnitude of the candidates is V = 12.7 mag) so that it has been possible to carry out spectroscopic and/or photometric follow-up observations for the majority of these objects. Based on this follow-up, 1468 candidates have been rejected as false positives (the transit signal is probably real, but not due to a planet), 189 have been rejected as false alarms (the identified transit signal was not real), while more than 50 confirmed and well-characterized planets (including those presented here) have been announced. Some ∼ 350 candidates are currently active.
The four new planets announced in this paper have properties that are typical of short-period gas-giant planets. While they do not, in themselves, reveal new properties of exoplanets, they will contribute to our statistical understanding of planetary systems in the Galaxy.
In the next section we describe the observations used to confirm the new TEPs. In Section 3 we discuss the analysis carried out to rule out false positive blend scenarios and determine the physical parameters of the planetary systems. We place these planets into context with the other known transiting planets in Section 4.
OBSERVATIONS
The discovery of all four transiting planet systems followed the general observational procedures described by Latham et al. (2009) and Bakos et al. (2010) . Here we summarize the observations of each system, and our methods for reducing the raw data to scientifically interesting measurements.
Photometric detection
The four TEPs presented here were initially identified as candidate TEPs based on observations made with the HATNet wide-field photometric instruments (Bakos et al. 2004 ). This network consists of six identical fully-automated instruments, with four at Fred Lawrence Whipple Observatory (FLWO) in AZ, and two on the roof of the Submillimeter Array Hangar Building at Mauna Kea Observatory (MKO) in HI. The lightgathering elements of each instrument include an 11 cm diameter telephoto lens, a Sloan r filter, and a 4K×4K front-side-illuminated CCD camera. Observations made in 2007 and early 2008 were done using a Cousins R filter. The instruments have a field of view of 10.
• 6 × 10.
• 6 and a pixel scale of 9 ′′ pixel −1 at the center of an image. Observations are fully automated with the typical procedure being to continuously monitor a given field while it is above 30
• elevation taking exposures of 180 s (prior to 2010 December an exposure time of 300 s was used). The fields have been defined by tiling the sky into 838 7
• × 7 • pointings. Because each tile is smaller than the field of view, there is overlap between neighboring fields and a given source may be observed in multiple (up to four) fields. Table 1 lists the HATNet observations which contributed to the discovery of each system. All four objects were observed using multiple HAT instruments, and three of the four objects are in overlapping fields. In some cases the observations date back to 2007, and may span as many as 3.5 years. HAT-P-51, in particular, has been observed extensively with HATNet, having more than 27,000 individual photometric measurements.
The raw HATNet images were reduced to systematicnoise-filtered light curves following Bakos et al. (2010) and making use of aperture and image subtraction photometry tools from Pál (2009) . The filtering includes decorrelating the individual light curves against various instrumental parameters (we refer to this procedure as External Parameter Decorrelation, or EPD) including the image position of the source, the sub-pixel position, the background flux, the local scatter in the background flux, and the shape of the PSF. Following EPD we make use of the Trend Filtering Algorithm (TFA; Kovács et al. 2005) in non-reconstructive mode. The data for each HATNet field were reduced independently, with EPD applied separately to each instrument, and TFA applied globally to all observations from a given field (with an option to perform a complete TFA filtering, using data from all telescopes and all fields).
Light curves were searched for periodic box-shaped transits using the Box-fitting Least Squares algorithm (BLS; Kovács et al. 2002) . Candidates were selected using a variety of automated cuts (e.g. on the S/N, differences in depth between even and odd transits, among others) and a final by-eye inspection. Figure 1 shows the phase-folded, trend-filtered light curves from HATNet for the four newly discovered planetary systems.
We used BLS to search the residual light curves for additional planetary transits, but did not detect any additional signals. We also calculated the Discrete Fourier Transform (DFT, see Deeming 1975 , and using the method of Kurtz 1985 for a fast recursive evaluation of the trigonometric functions) for each of the light curves, after subtracting the best-fit transit models, to search for any continuous periodic variations. Such variations may be due to the rotation of spotted stars, for example. For HAT-P-50, -52 and -53 we can rule out signals in the frequency range 0 to 50 d −1 with an amplitude above 0.6 mmag, 1.3 mmag and 1.3 mmag, respectively. For HAT-P-51 we also do not find a significant Fourier component. Curiously, the highest peak in the frequency spectrum is within 1.3% of the first harmonic of the orbital frequency. We do not have a physical explanation of this near coincidence, if it is a real signal, but we can exclude the possibility of tidal distortion due to the welldemonstrated sub-stellar nature of the companion (see Section 3.2). It may perhaps be a signature of stellar activity. After subtracting this low amplitude (1.3 mmag) component, the next highest peak in the frequency spectrum has an amplitude of 1.0 mmag.
Spectroscopic Observations
Follow-up spectroscopic observations were carried out using six different facilities. The aim of these observations was to aid in ruling out false positives, determine the atmospheric parameters of the host stars, and to confirm the planets by measuring the RV orbital variations induced by the transiting planets. The facilities used for each system are summarized in (Djupvik & Andersen 2010) ; the SOPHIE Spectrograph on the 1.93 m telescope at OHP (Bouchy et al. 2009 ) in France; HIRES (Vogt et al. 1994 ) on the Keck-I telescope in Hawaii together with the I 2 absorption cell; and the High-Dispersion Spectrograph (HDS; Noguchi et al. 2002) with the I 2 absorption cell on the Subaru telescope in Hawaii.
The TRES observations were used for reconnaissance (i.e. ruling out false positives with lower S/N spectra) for HAT-P-51, HAT-P-52 and HAT-P-53. For HAT-P-50 they were used both for reconnaissance and for measuring the orbital variation due to the planet. The raw echelle images were reduced to extracted spectra and analyzed to measure RVs and stellar atmospheric parameters following Buchhave et al. (2010) . Observations of standard stars were made during each observing run and are used to correct the velocities from each run to the IAU system. Because these corrections are known for TRES, we adopt the TRES measurements for the systemic γ velocity of each object listed in Table 4 . The uncertainty on the absolute calibration is ∼ 0.1 km s −1 and is dominated by the uncertainty in the absolute velocities of the standard stars.
The ARCES observations of HAT-P-51 and HAT-P-53 were used exclusively for reconnaissance (based on observations of standard stars the RV precision of this instrument is limited to ∼ 500 m s −1 ). Observations were reduced to wavelength calibrated spectra using the echelle package in IRAF 17 . For the wavelength calibration we made use of ThAr lamp spectra obtained before or after each science exposure, and with the same pointing as the science exposure. Each spectrum was analyzed to measure the RV of the star, its surface gravity, effective temperature, projected equatorial rotation velocity, and metallicity using the Stellar Parameter Classification (SPC; Buchhave et al. 2012 ) procedure, which cross-correlates the observed spectrum against a set of synthetic template spectra.
The single FIES spectrum obtained for HAT-P-51 was used for reconnaissance, and was reduced and analyzed following Buchhave et al. (2010) .
SOPHIE observations of HAT-P-51 were collected in high-efficiency mode with the aim of confirming the planet by measuring the RV orbital wobble of its host star. The SOPHIE observations were reduced and analyzed following Boisse et al. (2013) . Based on these observations we determined that HAT-P-51b is a Saturnmass planet, and that the ∼ 40 m s −1 precision of the SOPHIE observations for this object was insufficient to accurately determine the planetary mass. The precision in this case was limited due to significant contamination from scattered moon light, for uncontaminated spectra significantly higher precision may be obtained from the same S/N. We do not include these data in the analysis of HAT-P-51. HDS observations were collected for HAT-P-50 and HAT-P-51 in order to confirm these TEP systems and characterize the planetary orbits. The observations were extracted and reduced to relative RVs in the solar system barycentric frame following Sato et al. (2002 Sato et al. ( , 2012 , while spectral line bisector spans (BSs) were computed following Torres et al. (2007) .
HIRES observations were collected for HAT-P-51, HAT-P-52 and HAT-P-53. The observations have an RV precision of 5-10 m s −1 and are used here to characterize the orbital variations and to determine the stellar atmospheric parameters. The data were reduced to relative RVs in the barycentric frame following Butler et al. (1996) . Spectral-line bisector spans (BSs) were computed following Torres et al. (2007) , and S activity indices were calculated following Isaacson & Fischer (2010) . These were transformed to log 10 R ′ HK values following Noyes et al. (1984) .
Based on the reconnaissance TRES, FIES and ARCES observations we find that none of the four targets shows evidence of being a composite system. All have radial velocity variations below 1 km s −1 , and all are dwarf stars. The effective temperatures, projected rotation velocities, and surface gravities estimated from these spectra are consistent with the higher precision values presented in Table 4 .
The high-precision RV measurements for all objects are seen to vary in phase with the transit ephemerides. These are shown in Figure 2 . In this same figure we also show the phased BS measurements, which in all cases are consistent with no variation in phase with the ephemerides. The data are listed in Table 6 at the end of the paper.
Photometric follow-up observations
Additional time-series photometric measurements were obtained for all four of the systems using Keplercam on the FLWO 1.2 m telescope. These observations were carried out during the planetary transits to aid in ruling out blended eclipsing binary false positive scenarios, and to refine the light curve parameters (i.e. the orbital period, the planet to star radius ratio, the impact parameter and the transit duration). For HAT-P-50 we also obtained follow-up photometry with the CCD imager on the Byrne Observatory at Sedgwick (BOS) 0.8 m telescope, located at Sedgwick Reserve in Santa Ynez Valley, CA, and operated by the Las Cumbres Observatory Global Telescope institute (LCOGT; Brown et al. 2013 ). The events monitored with each instrument, together with the number of images obtained, the cadence, filter used and photometric precision are listed in Table 1 .
We applied standard CCD calibration procedures to the Keplercam and BOS images and then reduced these to light curves using the aperture photometry methods a For HATNet data we list the HAT station and field name from which the observations are taken. HAT-5, -6, -7, and -10 are located at FLWO in Arizona, while HAT-8 and -9 are located at MKO in Hawaii. Each field corresponds to one of 838 fixed pointings used to cover the full 4π celestial sphere. All data from a given HATNet field are reduced together, while detrending through External Parameter Decorrelation (EPD) is done independently for each unique field+station combination. b The mode time between consecutive images rounded to the nearest second. Due to weather, the day-night cycle, guiding and focus corrections, and other factors, the cadence is only approximately uniform over short timescales. c The RMS of the residuals from the best-fit model.
described by Bakos et al. (2010) . In doing this we made use of the stellar centroid positions measured directly from a set of registered and stacked frames rather than relying on catalog positions for astrometry as done in Bakos et al. (2010) . All sources in the images, save the target TEP system, were used in performing the ensemble magnitude calibration. We corrected for additional systematic trends in the data by including the EPD and TFA noise filtering models in the fitting mentioned in Section 3.3. The resulting trend filtered light curves for HAT-P-50 through HAT-P-53 are shown in Figures 3-6, respectively. All photometric measurements made for the four objects are available in machine-readable form in Table 3 . a The signal-to-noise ratio per resolution element near 5180Å. b The RMS of the RV residuals from the best-fit orbit, or the RMS of the RVs for reconnaissance observations. We do not give an estimate for template spectra (listed as HIRES or HDS without I2 included), or for cases where only a single spectrum was obtained with a given instrument. Phase with respect to T c Figure 2 . Phased high-precision RV measurements for HAT-P-50 (upper left), HAT-P-51 (upper right), HAT-P-52 (lower left), and HAT-P-53 (lower right). In each case we show three panels. The top panel shows the phased measurements together with our best-fit model (see Table 5 ) for each system. Zero-phase corresponds to the time of mid-transit. The center-of-mass velocity has been subtracted. The second panel shows the velocity O −C residuals from the best fit. The error bars include the jitter terms listed in Table 5 3. ANALYSIS 3.1. Properties of the parent star The stellar atmospheric parameters that we adopted for the analysis, including the effective temperature T eff⋆ , the surface gravity log g ⋆ , the metallicity [Fe/H] and the projected equatorial rotation velocity v sin i, were determined for each system using SPC. For HAT-P-50 we applied this to the TRES and FIES spectra (applying to the individual spectra and adopting the average parameter values) while for the other three systems we used the Keck/HIRES I 2 -free template spectra.
We used the Yonsei-Yale (Y2; Yi et al. 2001 ) theoretical stellar models to determine physical parameters of the stars, such as their masses, radii, luminosities and ages, based on the measured atmospheric parameters together with the bulk stellar densities ρ ⋆ determined from our modelling of the light curves and RV measurements (Section 3.3). We generated a chain of T eff⋆ , [Fe/H] and ρ ⋆ values for each object, where the ρ ⋆ values are taken from the output of the MCMC procedure used to fit the light curves and RVs, while we assume uncorrelated Gaussian distributions for T eff⋆ and [Fe/H]. For each value in the chain we interpolate the Y2 models to find a combination of M ⋆ , age and [Fe/H] which matches the three input parameters (we assume solar-scaled abundances without α-element enhancement). Combinations of T eff⋆ , [Fe/H] and ρ ⋆ that do not match to a stellar model are rejected. In doing this we also reject the corresponding link in the LC+RV MCMC chain so that the final planetary parameters are restricted to regions of parameter space allowed by the stellar evolution models. The stellar models also provide other parameters such as R ⋆ and L ⋆ for a given M ⋆ , age and [Fe/H] combination. The result is a posterior chain of stellar parameters for each star. We use the chains to calculate the median and 68.3% confidence interval for each of the stellar parameters. These are listed in Table 4 . We compare the measured T eff⋆ and ρ ⋆ values for each system to the model isochrones in Figure 7 .
For HAT-P-50 and HAT-P-52 we found that the median log g ⋆ values determined from this procedure differed significantly from the values estimated from the spectra. For these stars we carried out a second iteration of SPC fixing log g ⋆ to the values determined from the stellar evolution modelling. We then performed a second iteration of the LC+RV modelling, with revised limb darkening parameters, followed by a second iteration of the stellar evolution modelling. The log g ⋆ values had converged after this iteration. For HAT-P-51 and HAT-P-53 a second iteration of SPC was not needed.
Distances are determined for each system by comparing the measured broad-band photometry listed in Table 4 to the magnitudes predicted in each filter by the models. We allow for extinction assuming a R V = 3.1 extinction law from Cardelli et al. (1989) .
Based on this modelling we find that HAT-P-50 has a mass of 1.273 +0.049 −0.115 M ⊙ , a radius of 1.698 ± 0.071 R ⊙ , an age of 3.37
+1.44
−0.27 Gyr, and is at a distance of 497 ± 21 pc. HAT-P-51 has a mass of 0.976 ± 0.028 M ⊙ , a radius of 1.041 +0.038 −0.029 R ⊙ , an age of 8.2 ± 1.7 Gyr, and is at a distance of 470 ± 16 pc. HAT-P-52 has a mass of 0.887 ± 0.027 M ⊙ , a radius of 0.893 ± 0.047 R ⊙ , an age of 9.4 ± 4.1 Gyr, and is at a distance of 385 ± 21 pc. Finally, HAT-P-53 has a mass of 1.093 ± 0.043 M ⊙ , a radius of 1.209 +0.081 −0.062 R ⊙ , an age of 4.67
+1.45
−0.83 Gyr, and is at a distance of 719 ± 43 pc.
For HAT-P-51, -52 and -53 we used the Keck/HIRES spectra to determine median log 10 R ′ HK activity indices. We find that all three stars are inactive in the Ca II HK region, consistent with their slow rotation and lack of photometric variability.
Excluding blend scenarios
In order to exclude blend scenarios we carried out an analysis following . We attempt to fit the available photometry (light curves, and catalog broad-band magnitudes calibrated to standard systems) for each object using a combination of three stars (two eclipsing, with a third diluting the eclipse signal) with properties taken from stellar evolution models.
For HAT-P-50, HAT-P-51 and HAT-P-53 we find that a model consisting of a planet transiting an isolated star provides a better (lower χ 2 ) fit to the data than any of the blend models tested. For HAT-P-50 the best-fit blend model is excluded with 1.5σ confidence, while for both HAT-P-51 and HAT-P-53 it is excluded with 2σ confidence. We also simulated cross-correlation functions, RVs and BS measurements for the blend models tested, and found that any model that could plausibly fit the photometry for these systems (i.e. provides a fit that is no more than 5σ worse than the single star+planet model) would be easily identified as a composite stellar system based on the spectroscopy. We therefore conclude that all three of these objects are transiting planet systems.
For HAT-P-52 we similarly find that the planet+star model provides a better fit to the data than any blend model tested, however the best-fit blend model differs by only 0.5σ from the planet+star model. We also find that there is a range of models consisting of a blend between a bright foreground star, and a background stellar eclipsing binary that is between 0.35 mag and 4 mag further in distance modulus than the foreground star, which cannot be ruled out based on the photometry or BS spans. For these models the simulated BS variations have a scatter that is below the 43 m s −1 scatter in the Keck/HIRES data, if we allow for a difference in the γ velocities of the foreground star and background binary. We find, however, that similar to the case of HAT-P-49 (Bieryla et al. 2014) , the expected form of the RV variations in these blends is significantly different from the observed sinusoidal variation, even though the overall amplitude of the variations is comparable (Fig. 8) . We conclude that although the photometry and BS measurements for HAT-P-52 can be fit by a blended stellar eclipsing binary model, the RV observations cannot be.
While we can rule out the possibility that any of these objects is a blended stellar eclipsing binary system, we cannot rule out the possibility that one or more of these transiting planet systems also has a stellar companion. For HAT-P-50, we find that models including a faint companion with M > 0.6 M ⊙ provide a slightly worse fit to the data than models without a companion. The difference in χ 2 is small, however, and we can only rule out a stellar companion with M > 1.2 M ⊙ at greater than 3σ confidence. For HAT-P-51, models with a companion Note. -This table is available in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content. a Either HAT-P-50, HAT-P-51, HAT-P-52, or HAT-P-53. b Barycentric Julian Date is computed directly from the UTC time without correction for leap seconds. c The out-of-transit level has been subtracted. These magnitudes have been subjected to the EPD and TFA procedures, carried out simultaneously with the transit fit. d Raw magnitude values without application of the EPD and TFA procedures. These are provided only for the follow-up observations. For HATNet, the transits are only detectable after applying the noise filtering methods. 
HAT-P-53
Figure 7. Model isochrones from Yi et al. (2001) for the measured metallicities of HAT-P-50 (upper left), HAT-P-51 (upper right), HAT-P-52 (lower left) and HAT-P-53 (lower right). In each case we show models for several different ages, with younger models being on the left and older ones on the right. For HAT-P-50, HAT-P-51 and HAT-P-52 we show ages of 0.2 Gyr and 1.0 to 14.0 Gyr in 1.0 Gyr increments. For HAT-P-53 we show ages of 0.2 Gyr and 1.0 to 9.0 Gyr in 1.0 Gyr increments. The adopted values of T eff⋆ and ρ⋆ are shown together with their 1σ and 2σ confidence ellipsoids. The initial values of T eff⋆ and ρ⋆ from the first SPC and light curve analyses are represented with a triangle for HAT-P-50 and HAT-P-52. Note the logarithmic vertical axes, and the different scales used in each panel.
having M > 0.5 M ⊙ have a slightly worse fit to the data, but we can only rule out companions with M > 0.95 M ⊙ at greater than 3σ confidence. For HAT-P-52, companions with M > 0.35 M ⊙ provide a slightly worse fit to the data, but all companions up to the mass of HAT-P-52 are permitted to within 3σ. For HAT-P-53 companions with M > 0.7 M ⊙ provide a slightly worse fit, but all companions up to the mass of HAT-P-52 are permitted to within 3σ. 0.412 ± 0.052 0.21 ± 0.14 YY+a/R⋆+SPC Distance (pc) . . . . . 497 ± 21 470 ± 16 385 ± 21 719 ± 43 YY+a/R⋆+SPC a SPC = "Stellar Parameter Classification" routine for the analysis of high-resolution spectra (Buchhave et al. 2012) , applied to the TRES and FIES spectra of HAT-P-50, and to the Keck/HIRES I2-free template spectra of HAT-P-51, HAT-P-52 and HAT-P-53. These parameters rely primarily on SPC, but have a small dependence also on the iterative analysis incorporating the isochrone search and global modeling of the data, as described in the text. b The median of the log 10 R ′ HK values measured from the individual Keck/HIRES spectra for each target. The uncertainty is the standard error on the median. c From APASS DR6 for HAT-P-50, HAT-P-51 and HAT-P-52 as listed in the UCAC 4 catalog (Zacharias et al. 2012) . From TASS Mark IV (Droege et al. 2006 ) for HAT-P-53. d YY+a/R⋆+SPC = Based on the YY isochrones (Yi et al. 2001 ), a/R⋆ as a luminosity indicator, and the SPC results.
Global modeling of the data
We modeled the HATNet photometry, the follow-up photometry, and the high-precision RV measurements using the procedure described in detail by Pál et al. (2008) and Bakos et al. (2010) with modifications described by Hartman et al. (2012) . This procedure makes use of the differential evolution Markov Chain Monte Carlo (DEM-CMC) method (ter Braak 2006; Eastman et al. 2013 ) to explore the fitness landscape and produce posterior parameter distributions. We allowed for RV jitter which we varied as a free parameter in the fit for each planet. We adopted independent jitters for each instrument as the methods for estimating the "formal" errors differ between reduction methods and instruments. For HIRES we made use of an empirical prior on the jitter as discussed in Hartman et al. (2014) , while for the other instruments we used a Jeffreys prior (i.e. the prior probability for parameter σ is ∝ 1/σ). We fixed the limb darkening coefficients using the tabulation by Claret (2004) and the stellar atmospheric parameters given in Table 4 .
The resulting parameters for each system are listed in Table 5 . We find that HAT-P-50b is a hot Jupiter with a mass of 1.350 ± 0.073 M J and radius of 1.288 ± 0.064 R J , HAT-P-51b is a hot Saturn with a mass of 0.309 ± 0.018 M J and radius of 1.293 ± 0.054 R J , while HAT-P-52b and HAT-P-53b are hot Jupiters with masses of 0.818 ± 0.029 M J and 1.484 ± 0.056 M J , and radii of 1.009 ± 0.072 R J and 1.318 ± 0.091 R J , respectively. We fit all systems both allowing the eccentricity to vary and fixing it to zero. We find that all four systems are consistent with no eccentricity (the 95% confidence upper . This same blend model has BS variations that are below the observed scatter, and fits the photometric data, however it does not reproduce the form of the RV variation, which is well described by a transiting planet. The blend-model fit shown here consists of a 0.88 M ⊙ foreground star blended with a 0.84 M ⊙ +0.13 M ⊙ eclipsing binary that has a distance modulus 0.35 mag greater than the foreground star, and which has a γ velocity that is 70 km s −1 different from that of the foreground star. Reducing the difference in γ velocities creates a more symmetric RV variation, but also results in the RV variation going to 0 m s −1 at both phases 0.25 and 0.75. All other blend models simulated have RV variations that provide even poorer fits to the observations. limits on the eccentricity when it is allowed to vary are e < 0.115, < 0.123, < 0.047, and < 0.134 for HAT-P-50b through HAT-P-53b, respectively). We therefore adopted the parameters for a fixed circular orbit in all cases.
DISCUSSION
In this paper we presented the discovery and characterization of four transiting exoplanets from the HATNet survey, including three hot Jupiters (HAT-P-50b, HAT-P-52b and HAT-P-53b) and a hot Saturn (HAT-P-51b). All four planets have masses and radii determined to better than 10% precision. The mass uncertainties are 5.4%, 5.8%, 3.5%, and 3.8% for HAT-P-50b through HAT-P-53b, respectively, while the respective radius uncertainties are 5.0%, 4.2%, 7.1%, and 6.9%. The stars HAT-P-50, -51, and -53 also have fairly precise isochrone-based age determinations (uncertainty less than 2 Gyr) thanks to their favorable position within the T eff -ρ ⋆ plane (Fig. 7) .
In Figure 9 we show the location of these planets on a mass-radius diagram, comparing them to the full sample of confirmed TEPs with 0.1 < M p < 10 M J . The new planets all fall within the range of values already seen by other planets, with HAT-P-51b falling near the upper envelope of the distribution of points in the massradius diagram, and HAT-P-52b falling near the lower envelope. We also show the location of each planet on a T eq -radius diagram. Again we find that the planets all follow the well-established trends. While not atypical compared to other known exoplanets, these objects contribute to the growing sample of well-characterized planets which may be used to explore the population of planets in the Galaxy through statistical methods.
In terms of potential for additional follow-up observations, we conclude that it should be feasible to measure the Rossiter-McLaughlin effect for HAT-P-50b, HAT-P51b and HAT-P-53b using Subaru/HDS or Keck/HIRES. For HAT-P-50b the expected amplitude of the R-M effect is 42 m s −1 for an aligned orbit (using eq. 40 in Winn 2010). For HAT-P-51b the expected amplitude is 27 m s −1 , and for HAT-P-53b it is 48 m s −1 . The Subaru/HDS velocity residuals for HAT-P-50 have an RMS of 23 m s −1 , with a median exposure time of 10 minutes. Assuming 20 such exposures are obtained over the course of a single transit, it should be possible to measure the R-M amplitude to a precision of 5σ (based on fitting models to simulated observations). For HAT-P-51, the Keck/HIRES RVs have a residual RMS of 5.4 m s −1 , and a median exposure time of 25 minutes. Seven of these exposures could be collected over a single transit, allowing a 9σ detection of the R-M amplitude. For HAT-P-53, the Keck/HIRES RVs have a residual of 11 m s −1 and an exposure time of 25 minutes. For this system it should be possible to collect 6 similar exposures during a transit, and measure the R-M amplitude with 8σ confidence. For HAT-P-52b the R-M amplitude is only 7 m s −1
(limited by the very slow rotation), and we would not expect to detect it in a single transit with better than 2σ confidence.
The conclusion that the R-M effect should be easier to detect for both HAT-P-51 and HAT-P-53 than for HAT-P-50, despite both stars being significantly fainter than HAT-P-50, and despite both stars having a lower v sin i, may be counter intuitive. The RV observations for HAT-P-51 and HAT-P-53 are both significantly higher precision than those for HAT-P-50, even though the HAT-P-50 observations have higher S/N. Some of the difference may be due to the different instruments (Subaru/HDS for HAT-P-50 vs. Keck/HIRES for HAT-P-51 and HAT-P-53). However, slower rotation and cooler surface temperatures are also factors which tend to improve the RV precision. In this respect we expect HAT-P-51 to have higher precision than HAT-P-53 at fixed S/N, and HAT-P-53 to have higher precision than HAT-P-50 at fixed S/N, which is what we see.
Measuring the R-M effect for HAT-P-51b may be of particular interest due to its small mass. HAT-P11b and Kepler-63b are the only planets smaller than HAT-P-51b for which this effect has been measured to date Sanchis-Ojeda et al. 2013 ; the obliquity has also been measured for the Kepler-30 system by star-spot crossings, see Sanchis-Ojeda et al. 2012) .
While the R-M effect should be detectable for HAT-P50b, HAT-P-51b and HAT-P-53b, due to the relatively small value of R p /R ⋆ for HAT-P-50b, and the faintness of the other targets, none of the new planets are particularly well-suited for atmospheric characterization.
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HAT-P-53b Figure 9 . Left: Mass-radius diagram for transiting planets with 0.1 M J < M < 10 M J . The four planets discovered here are indicated. The two filled gray squares show Saturn and Jupiter. The parameters for other transiting planets are compiled from the literature (c.f. http://www.exoplanets.org). Right: planet radius vs. estimated equilibrium temperature (assuming zero albedo and complete redistribution of heat) for the same sample of planets as shown at left. Symbols are assigned colors based on the planetary masses. Note. -Note that for the iodine-free template exposures we do not measure the RV but do measure the BS and S index. Such template exposures can be distinguished by the missing RV value. a The zero-point of these velocities is arbitrary. An overall offset γ rel fitted to these velocities in Section 3.3 has not been subtracted.
b Internal errors excluding the component of astrophysical jitter considered in Section 3.3. c Chromospheric activity index calculated following Isaacson & Fischer (2010) .
